
EXTRACTION AND DESULFURIZATION OF CHEMICALLY DEGRADED COAL 
WITH SUPERCRITICAL FLUIDS 

J. W. Chen, C. 6.  Muchmore, A. C. Kent and Y .  C. Chang 

Department o f  Mechanical Engineering and Energy Processes 
Southern I 1  1 i n o i  s U n i v e r s i t y  

Carbondale, I L  62901 

INTRODUCTION 

I n  the systematic i n v e s t i g a t i o n  o f  "Ex t rac t ion  and D e s u l f u r i z a t i o n  o f  
Coal With S u p e r c r i t i c a l  F lu ids" ,  i t  was found t h a t  s u l f u r  m a t e r i a l s  i n  coal  
were removed s e l e c t i v e l y  from t h e  coa l  mat r i x ,  employing ethanol o r  methanol 
as the  so lvent .  It i s  a well-known f a c t  t h a t  a f l u i d  under s u p e r c r i t i c a l  
cond i t ions  e x h i b i t s  an enchanced d i s s o l u t i o n  power which can increase the  
so l  ub i  1 i t i e s  of var ious organic  m a t e r i a l s  by severa l  hundredfold. Depending 
upon t h e  s p e c i f i c  compounds and t h e  so lvent  invo lved,  s o l u b i l i t y  o f  each 
organic  compound i n  a g iven so lvent  may vary a t  d i f f e r e n t  temperatures and 
pressures. This  d i f f e r e n t i a t i o n  o f  s o l u b i l i t i e s  w i l l  a l l o w  s e l e c t i v e  removal 
of c e r t a i n  organic  mat te r  under s u p e r c r i t i c a l  cond i t ions .  

When ethanol o r  methanol i s  used as s u p e r c r i t i c a l  f l u i d ,  chemical reac-  
t i o n s  may be t a k i n g  p lace between s u l f u r  compounds i n  coal  and the s o l v e n t  
i n  the  presence o f  minera l  mat ter .  P y r i t i c  s u l f u r  may be reduced, and c e r t a i n  
organic  s u l f u r  mater ia ls  may be removed through chemical reac t ions .  I n  t h i s  
s i t u a t i o n ,  the  r e a c t i v i t y  between organ ic  s u l f u r  i n  coal  and s u p e r c r i t i c a l  
a lcoho ls  i s  n o t  o n l y  dependent on r e a c t i o n  cond i t ions ,  b u t  i s  a l s o  dependent 
on the  d i s t r i b u t i o n  o f  s u l f u r  f u n c t i o n a l  groups i n  coal .  That i s  t o  say, 
some forms o f  s u l f u r  compounds are e a s i e r  t o  be reacted and subsequently ex- 
t r a c t e d  than others.  Therefore, t h e  d e s u l f u r i z a t i o n  p o t e n t i a l  w i t h  super- 
c r i t i c a l  f l u i d s  may be a f f e c t e d  by t h e  coal  types and sources, s ince  var ious 
coa ls  may have d i f f e r e n t  s u l f u r  f u n c t i o n a l  groups i n  t h e i r  respec t ive  s t r u c -  
tu res .  

I n  order  t o  b e t t e r  understand t h e  complex system o f  d e s u l f u r i z a t i o n  o f  
coa l  w i t h  s u p e r c r i t i c a l  a lcoho ls ,  we have launched an extens ive experimental 
study t o  achieve the  f o l l o w i n g  research ob jec t ives .  They are :  (1) t o  determine 
the  s e l e c t i v i t y  o f  d e s u l f u r i z a t i o n  o f  coal  w i t h  s u p e r c r i t i c a l  a lcoho ls ,  (2)  t o  
determine t h e  e f f e c t  o f  chemical pre-treatment on s u p e r c r i t i c a l  d e s u l f u r i z a t i o n  
p o t e n t i a l ,  (3)  t o  evaluate the  gaseous and l i q u i d  product  streams, and t o  char- 
a c t e r i z e  t h e  d e s u l f u r i z e d  s o l i d  char f o r  e s t a b l i s h i n g  the  mater ia l  and s u l f u r  
balances, and (4) t o  evaluate t h e  phys ica l  and chemical t rans format ion  o f  coal  
dur ing  s u p e r c r i t i c a l  d e s u l f u r i z a t i o n .  

LITERATURE REVIEW 

Most work on s u p e r c r i t i c a l  e x t r a c t i o n  o f  coal repor ted  i n  the  l i t e r a t u r e  
has as a primary o b j e c t i v e  t h e  maximum conversion o f  coal  t o  l i q u i d  products. 
A 1975 a r t i c l e  by Whitehead (9)  [one o f  the  f i r s t  re ferences t o  s u p e r c r i t i c a l  
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coal  e x t r a c t i o n  presented i n  t h e  l i t e r a t u r e ]  presented data on s u p e r c r i t i c a l  
e x t r a c t i o n  o f  coal  by coal  t a r  o r  petroleum naphtha f r a c t i o n s .  Tugrul and 
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n e a r l y  complete a f t e r  30 minutes; e x t r a c t  y i e l d s  o f  about 24% were repor ted.  
Gas chromatography/mass spectrometry analyses o f  severa l  e x t r a c t  f r a c t i o n s  
i n d i c a t e d  dozens o f  p a r a f f i n s ,  a1 k y l a t e d  hydrocarbons, phenol ic  and oxygenated 
compounds; however, no s u l f u r  compounds were repor ted.  A k i n e t i c  s tudy o f  a 
h i g h - v o l a t i l e  b i tuminous coa l  u t i l i z i n g  s u p e r c r i t i c a l  to luene was repor ted  by 
Slomka and Rutkowski (7) .  
dependence o f  e x t r a c t i o n  y i e l d  was found when a second order  equat ion was used. 

A c lose  f i t  o f  t h e i r  experimental d a t a  on t i m e  
\ 



I occur ing dur ing  s u p e r c r i t i c a l  e x t r a c t i o n  o f  coal  w i t h  ethanol  and a lka l i -e thano l  
i s  supported by da ta  g iven by Makabe and Ouchi (5, 6). 
s ion  t h a t  fo l lows w i l l  i n d i c a t e ,  we have n o t  found evidence t h a t  t h i s  occurs 
under t h e  cond i t ions  we employ f o r  s u p e r c r i t i c a l  d e s u l f u r i z a t i o n  o f  coal w i t h  

EXPERIMENTAL 

However, as t h e  d iscus-  

1 3  a1 coho1 s . 
l 

I 

Most of the i n v e s t i g a t i o n  was performed i n  two r e a c t o r  systems. They are 

175 



/ 
percent coal ex t rac ted  (weight l oss  of coa l ) .  A term c a l l e d  d e s u l f u r i z a t i o n  
s e l e c t i v i t y  r a t i o  which i s  de f ined as the r a t i o  o f  percent o f  s u l f u r  removed 
t o  percent o f  coal  ex t rac ted ,  var ied  between 2.96 t o  4.38 under these con- 
d i t i o n s  as shown i n  Table 1. 

I 
TABLE 1 1 

SUPERCRITICAL ETHANOL DESULFURIZATION OF COAL 

D e s u l f u r i z a t i o n  S e l e c t i v i t y  Rat io  

E x t r a c t i o n  - 
Time, Hours 

0 

1 
2 

4 

D e s u l f u r i z a t i o n  S e l e c t i v i t y  Rat io  

Coal "A" Coal "B" Coal "C"  Coal "D" 

2.81 3.40 4.09 12.0 

3.29 2.98 3.40 7.36 
3.81 2.88 3.10 5.49 

3.39 2.96 3.49 4.38 

A ser ies o f  experiments were performed t o  evaluate whether o r  no t  a pre- 
t reatment o f  coal  w i t h  KOH s o l u t i o n  w i l l  enhance the  d e s u l f u r i z a t i o n  e f f i c i e n c y .  
I n  the  pre-treatment, 60 grams o f  coal p a r t i c l e s  were soaked i n  180 grams o f  
KOH i n  ethanol s o l u t i o n  w i t h  a given concent ra t ion  f o r  f i v e  minutes, f i l t e r e d ,  
washed twice w i t h  180 grams o f  ethanol and f i l t e r e d  again before i t s  use. The 
r e s u l t s  are presented i n  the f o l l o w i n g .  

TABLE 2 

THE EFFECT OF KOH PRE-TREATMENT 

(275OC and 1800 p s i a )  

% o f  S u l f u r  Concentrat ion Removed 

No pretreatment 

2% KOH 

3% KOH 
4% KOH 
5% KOH 

21.3 

28.5 

28.9 

29.8 

34.0 

The data i n d i c a t e s  t h a t  an improvement o f  d e s u l f u r i z a t i o n  p o t e n t i a l  was 

I n  order t o  evaluate the  degree o f  potassium i o n  i n c o r p o r a t i o n  i n t o  the 

r e a l i z e d  w i t h  KOH pre-treatment.  

coal  s t u r c t u r e  d u r i n g  t h e  pre-treatment , several  experiments were conducted a t  
325OC and 1750 ps ia  employing ethanol o r  methanol as so lvent .  I n  these exper i -  
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ments, the soaking and washing solutions were collected, and were analyzed for 
potassium ion on a Perkin Elmer Atomic Adsorption Spectrometer. 
in Table 3 that most of the potassium ion was found in the solution. 

It can be seen 

TABLE 3 

POTASSIUM ION BALANCE 

Et hano 1 

% K+ 
KOH Pre-treatment % S Removed Recovered 

None 27.0 -- 
5% KOH, 

soaking, rinsing 32.16* 102 

*Average of three experiments 

Batch Reactor Results 

Methanol 

% S Removed Recovered 
% K' 

30.2 -- 

39.1 99 

Table 4 shows a summary of experimental data (elemental analysis) of the 
desulfurized coal samples for the batch reactor system under different opera- 
ting conditions. The original coal has a total sulfur content of 4.27 percent, 
and 72.6 percent of the total sulfur is organic sulfur. Since the concentration 
of total sulfur in the solid product from the supercritical desulfurization is 
reduced nearly 50 percent or more for five out of nine cases, and the sulfur remov- 
als resulting from the supercritical desulfurization exceeds the pyritic sulfur 
content of the original coal, it is concluded that organic sulfur in this coal 
is being removed. The possibility that the selective removal of sulfur may be 
due to condensation reactions of the solvent, with subsequent incorporation in 
the coal matrix, may also be rejected by consideration of H/C ratio data in 
Table 4. 
to occur, an increase in H/C ratio would be egpected. As the data indicated, 
the H/C ratio actually decreases during the supercritical desulfurization. 

Table 5 summarizes the sulfur balance information obtained on a series of 
batch reactor runs under a variety of conditions. Note that the sulfur deter- 
mined in the liquid products and in the absorber total from 67.1% to 94.7% 
of the total sulfur removed from the coal during the supercritical desulfuri- 
zation. When the sulfur content of the solid product is included, the overall 
sulfur balance ranges from 82.4% to 97.1% of the sulfur contained in the orig- 
inal coal. 

The total materials balance of these experiments ranges between 92.4% 
to 100.6%. 

If significant incorporation of -CH - groups from the solvent were 

CONCLUSIONS 

It is concluded from experimental information obtained that sulfur, includ- 
ing organic sulfur in coal, is selectively recovered from coal matrix with 
supercritical alcohol. The effect of chemical pre-treatment with KOH soaking 
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and/or ac id  leach ing  i s  found t o  be s i g n i f i c a n t .  The pre- t reatment  step may 
he lp  the depolymer izat ion o f  coal  s t r u c t u r e  which makes i t  eas ie r  f o r  super- 
c r i t i c a l  a l c o h o l  t o  reach t h e  s i t e s  o f  s u l f u r  compounds f o r  e x t r a c t i o n  and 
conversion. 
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TABLE 4 

ELEMENTAL ANALYSES OF SOLID PRODUCT FOR BATCH REACTOR SYSTEM 

% S  
Removed 
(Conc. 

Solvent  and Condi t ionsa C H N S H/C Rat io  Based) 

O r i g i n a l  raw coa l  

MeOH 

MeOH + 5% KOH 

HC1 ref luxed;  MeOH 

MeOH + 5% KOH + CO 400 p s i  

Ac id leachedb; MeOH + 5% KOH 

Acid leachedc; MeOH + 5% KOH 
MeOH + 5% KOH; Two stage 

E t O H  
E t O H  + 5% KOH 

66.04 
72.63 
70.37 
77.17 
69.60 
71.91 
73.32 
69.16 
75.82 
73.90 

4.85 1.17 4.27 
4.04 1.31 2.99 
3.72 1.25 1.96 
3.05 1.32 2.16 
4.15 1.18 2.58 
3.96 1.23 1.53 
3.07 1.30 1.88 
3.18 1.12 1.47 
3.95 1.39 2.75 
3.32 1.24 2.60 

0.881 
0.667 
0.634 
0.474 
0.716 
0.661 
0.502 
0.552 
0.625 
0.539 

30.0 
54.1 
49.4 
39.6 
64.2 
56 .O 

65.6 
35.6 
39.1 

a A l l  run  a t  350°C 

bSoaked f o r  48 hours 

‘Soaked f o r  4 hours 
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TABLE 5 

SULFUR BALANCE 

% of Sulfur Removed 
% Reductn as Found i n  Overall 

Rxn T of Sulfur Sulfur 
Solvent C in Coal Liq. Absorber Total Balance 

~ ~~ ~~ 

E t O H  350 31.4 43.3 43.7 87.0 93.9 
1 E t O H  375 36.8 13.2 81.5 94.7 97.1 

MeOH + 5% KOH 350 53.9 12.4 64.3 76.7 85.7 
MeOH + 5% KOH 350 56.1 7.2 74.0 81.2 88.2 

MeOH 350 48.8 6.9 60.2 67.1 82.4 
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